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SUMMARY 


The  Research  Laboratories  of  the  United  Aircraft  Corporation  are 
conducting  under  the  subject  contract  an  experimental  and  theoretical 
investigation  of  the  physical  nechanisms  involved  in  the  electrical 
breakdown  of  gases  under  intense  optical  illumination.  Experimentally, 
the  focused  high -intensity  optical  frequency  beam  from  a  Q-spoiled  laser 
is  used  to  cause  electrical  breakdown  in  a  test  gas,  ana  the  ionization 
produced  is  examined  as  a  function  of  gas  pressure.  These  phenomena  have 
been  observed  in  a  number  of  gases  using  both  ruby  and  neodymium  laser 
Irradiation,  Of  the  gases  studied,  breakdown  in  air  required  the  highest 
field  strengths,  with  lower  field  strengths  required  in  helium  and  in  argon. 

Studies  have  also  been  conducted  of  the  attenuation  of  the  laser  beam 
by  the  breakdown  plasma.  With  either  ruby  or  neodymium  incident  radiation, 
it  is  observed  that  more  than  half  of  the  laser  beam  energy  can  be  absorbed 
in  the  plasma  produced  by  the  breakdown  and  that  over  90^  attenuation  of 
the  laser  beam  can  occur  at  later  times  in  the  optical  pulse. 

Preliminary  measurements  have  been  made  of  the  effects  of  diffusion 
loss  on  the  breakdown  threshold  by  varying  the  focal  volume  within  which 
the  breakdown  is  formed.  These  data  show  that,  in  argon  at  atmospheric 
pressure,  the  breakdoim  threshold  electric  field  strength  is  inversely 
related  to  the  dimensions  of  the  breakdown  region;  l.e.,  breakdown  within 
small  fojus  volumes  requires  a  greater  optical  frequency  electric  field 
than  is  necessary  with  a  larger  focus  region.  This  implies  that,  over  the 
range  of  breakdown  volumes  studied,  at  atmospheric  pressure  diffusion 
losses  play  a  significant  role  in  the  development  of  optical  frequency 
breakdown 


INTRODUCTION 


C-9202T2- 


The  interaction  of  extremely  high-intensity  optical  frequency 
electromagnetic  radiation  with  gas  atoms  has  been  accessible  for  experimental 
study  on]""  with  recent  development  of  high-powered  lasers.  Studies  of  gas 
breakdown  by  optical  frequency  radiation  were  Initiated  under  Corporate 
sponsorship  early  in  1962*  These  Corporate  sponsored  investigations 
demonstrated  that  breakdown  at  optical  frequencies  occurs  in  many  gases  at 
fielu  strengths  which  can  be  easily  achieved  by  optical  lasers.  A  pulsed 
ruby  laser  was  used  in  these  studies,  and  the  optical  field  strength 
required  for  breakdown  was  investigated  as  a  function  of  gas  pressure  in 
argon  and  helium.  It  was  determined  that  field  strengths  of  the  order  of 
10  *  volts  per  centimeter  were  required  for  breakdown  and  that  electron 
densities  greater  than  10^"^  electrons  per  cm3  vere  produced  in  the  resulting 
breakdown  plasma.  Under  the  Joint  sponsorship  of  the  Advanced  Research 
■Rejects  Agency,  the  Office  of  Naval  Research^  and  the  Department  of  Defense 
[Contract  Nonr- 4299(00)3  ^  gas  breakdown  studies  in  air  were  undertaken* 

The  field  strengths  required  for  breakdown  in  air  were  larger  even  than 
those  required  for  helium  or  argon,  indicating  that  gases  of  a  molecular 
nature  possess  energy  loss  mechanisms  in  addition  to  those  characteristic 
of  monatomic  gases.  It  was  also  observed  that  a  significant  attenuation 
of  the  optical  beam,  in  many  cases  exceeding  50^»  iM.y  be  produced  by  the 
breakdown  plasma  formed.  Direct  electron  stripping  of  electrons  from  atoms, 
single  or  multiple  photon  absorption,  Compton  collisions,  or  conventional 
microwave  breakdown  theory  do  not  adequately  acco\int  for  the  breakdown 
phenomena  observed,  and  it  is  believed  that  the  quantum  rxjchanical  process 
of  inverse  Bremsstrahlung  is  the  mechanism  responsible  for  breakdown  at 
optical  frequencies.  These  results  have  been  reported  in  the  Proceedings 
of  the  Sixth  International  Conference  on  Ionization  Rienon^na  in  Gases, 

Paris,  France,  July  8-13,  1963;  Physical  Review  Letters,  ¥ol.  11,  No.  9, 
November  1963l  Physical  Review  Letters,  Vol.  13,  No.  1,  July  1964;  and  the 
Final  Report  C-920088-2,  \inder  Office  of  Naval  Research  Contract  Nonr- 4299(00). 

Under  the  present  subject  contract,  further  studies  of  the  threshold 
electric  field  strength  required  for  breakdown  as  a  function  of  pressure 
in  different  gases,  the  effect  of  spot  size  on  threshold  field  strength, 
the  frequency  dependence  of  the  breakdown  threshold,  and  the  attenuation  of 
the  laser  radiation  by  the  breakdown  plasma  are  being  conducted  to  more 
fully  define  the  nature  of  the  breakdown  mechanisms  at  optical  frequencies. 
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DISCUSSION  OF  RESEARCH  PROGRAM  AND  RESULTS 


Frequency  Dependence  of  Breakdown  Ilireshold 

During  this  report  period,  experimental  studies  of  gas  breakdown  have 
been  carried  cut  using  the  visible  (,69.aa.)  and  infrared  (l.06u)  radiation 
from  high- intensity,  Q-spoiled  ruby  and  neodymium  lasers,  respectively. 
Breakdown  at  these  frequencies  has  been  obtained  in  air,  argon,  and  helium 
over  a  range  of  pressures  from  atmospheric  pressure  to  2000  psi-  With 
either  ruby  or  neodymium  laser  irradiation,  argon  is  the  most  easily  ionise^" 
with  helium  and  air,  in  that  order,  progressively  more  difficult, 

'■  *-o  Q-spoiled  laser  systems  have  been  used  in  these  gas  breakdown 
experiments.  The  two  laser  systems  each  have  the  configuration  shown  in 
Fig,  1..  In  the  ruby  system,  the  laser  element  is  a  |--inch  diameter,  6-inch 
long  ruby  rod,  while  the  neodymium  laser  employes  a  3/^-inch  diameter, 

12- inch  long  rod.  In  each  system  the  laser  rod  is  pumped  by  four  E,  G.  &  G. 
xenon  flash  lamps,  each  lamp  individually  powered  by  a  1200/i  F  capacitor 
bank,  A  polaricer-Kerr  cell  shutter  is  used  to  alter  the  Q  of  the  laser 
cavity,  resulting  in  a  single  giant  pulse  of  optical  radiation  from  the 
laser.  The  giant  pulse  emitted  by  the  laser  is  incident  on  a  lens  which 
forms  one  window  of  a  cell  containing  the  test  gas.  At  the  focus  of  the 
Ians,  breakdown  of  the  t'.st  gas  by  the  focused  laser  beam  is  observed  for 
suitable  conditions  of  beam  energy  and  gas  pressure.  As  shown  in  Fig,  1, 
a  photomrultiplier  and  calorimeter  aro  used  to  observe  a  known  fraction  of 
the  irradiating  laser  beam  and  monitor  the  laser  output  at  all  times.  Both 
the  photomultiplier  and  the  calorimeter  are  calibrated  with  respect  to  the 
radiation  'vdiich  reaches  the  focusing  lens  and  measure,  respectively,  the 
va.ve  shape  and  beam  energy  for  each  pulse, 

Efeasurements  have  been  made  of  the  breakdown  threshold  in  argon  and 
helium  over  the  pressure  range  from  atmospheric  pressure  to  500  psi  using 
the  giant  pulse  output  from  the  ruby  and  neodymium  laser  systems.  As  in  the 
ruby  laser  experiments  carried  out  under  Contract  Nonr"4299(00),  the  breakdown 
threshold  electric  field  for  neodymium  la .er  radiation  is  observed  to  decrease 
with  pressure,  varying  approximately  as  During  the  next  period,  these 

measurenients  will  be  extended  to  pressures  up  to  2000  psi.  In  addition,  an 
absolute  calibration  of  the  1,06  ^  data  will  be  made  and  compared  with  the 
earlier  ,69^3 ruby  resulivs  to  determine  the  frequency  dependence  of  the 
breakdown  threshold. 

Attenuation  of  Laser  Beam  by  Breakdown  Plasma 

In  the  course  of  t^.e  gas  breakdown  studies  carried  cut  under  Contract 
Nonr-^299‘,  CO) ,  it  was  observed  that  when  breakdown  occurs  the  transmitted 
ruby  laser  radiation  js  severely  attenuated  during  the  later  portions  of 
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the  laser  optical  pulse.  Studies  of  this  attenuation  were  carried  out,  and 
it  was  established  that  the  energy  removed  from  the  optical  beam  was  not 
scattered  at  the  laser  freqiiency  or  reradiated  by  excited  atoms  but  instead 
was  truly  absorbed  by  the  breakdown  plasma. 

Under  the  present  contract,  investigations  have  been  made  of  the 
attenuation  of  l.Oo^  neodymium  laser  radiation  by  the  breakdown  plasma 
using  the  apparatus  shown  in  Fig.  2,  As  in  the  breakdown  threshold 
experiments,  pbotomultiplier  A  and  the  calorimeter  are  used  to  monitor  the 
wave  shape  and  oeam  energy  of  the  laser  radiation  for  each  shot.  A  second 
photomultiplier  (B)  is  used  to  record  that  portion  of  the  incident  radiation 
which  is  transmitted  throu^.  the  breakdown  plasma  formed  at  the  focus  of 
the  lens.  When  no  breakdown  occurs;  i.e.,  operating  just  below  the  threshold, 
the  transmitted  light  hrs  the  same  v.'ave  shape  and  intensity  as  the  incident 
radiation.  However,  vdien  breakdown  does  occur,  the  laser  is  significantly 
attenuated  as  shown  by  the  lover  trace  in  Fig.  3.  These  results  parallel 
those  observed  previously  with  ruby  irradiation  and  show  that  at  incident 
powers  slightly  above  the  breakdown  threshold  of  the  argon  test  gas  over 
one-half  of  the  Incident  neodymium  radiation  can  be  absorbed  by  the  breakdown 
plasma. 

As  observed  in  Fig,  3,  during  the  later  portions  of  the  giant  optical 
pulse,  the  attenuation  of  the  incident  radiation  can  exceed  90^;  I.e.,  less 
than  10^  of  the  incident  radiation  is  transmitted  throxigh  the  breakdown 
plasma.  To  eramine  this  attenuation  at  tim^s  subsequent  to  the  incident 
giant  laser  pulse,  preliminary  studies  have  been  made  of  the  attenuation  of 
.6328;^  helium-neon  laser  radiation  by  the  breakdown  plasma  formed  by  a  ruby 
laser  pulse  in  argon  at  atmospheric  pressure.  Using  the  optical  arrangement 
shown  in  Fig,  4,  a  helium-neon  laser  beam  was  directed  through  the  breakdown 
plasma  at  right  angles  to  the  incident  giant  pulse  beam,  and  the  transmitted 
fraction  of  the  helium-neon  beam  detected  by  a  photomultiplier  filtered  to 
record  only  .6328/*  radiation.  The  measurements  obtained  show  that  the 
breakdown  plasma  transmits  no  more  than  10  to  20^  of  the  helium-neon  laser 
radiation  for  times  of  the  order  of  milliseconds  after  the  Incident  giant 
pulse.  Additional  experiments  are  planned  to  observe  this  afterglow  attenuation 
in  gases  other  than  argon  and  over  a  range  of  pressures  frcmi  atmospheric 
pressure  to  2000  psi. 

Effect  of  Diffusion  Losses  on  Breakdown  Threshold 

Preliminary  studies  of  the  effects  of  diffusion  losses  on  the  breakdown 
threshold  have  been  made  by  varying  the  focal  volume  within  which  the  breakdown 
is  formed.  The  focal  volume  of  the  laser  beam  is  deterreined  by  the  divergence 
of  the  laser  radiation  and  the  focal  length  of  the  focusing  lens.  The 
divergence  of  the  ruby  las'^r  beam  has  been  measured  and  is  essentially  constant 
for  every  pulse.  As  a  result,  the  focus  volume  is  conveniently  varied  by  using 
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different  focal  length  lenses  to  focus  the  incidert  laser  radiation,  and 
a  series  of  measurements  have  been  carried  out  to  determine  the  t  'eakdown 
threshold  laser  power  in  argon  at  atmospheric  pressure  as  a  fimction  of 
lens  focal  length.  From  these  measuremerts,  the  threshold  power  density 
can  be  obtained  as  a  function  of  the  surf ace- to- volume  ratio  of  the  breakdown 
region.  Experimentally,  the  breakdown  threshold  electric  field  strength  is 
inverse..y  related  to  the  dimensions  of  the  focus  region;  i.e,,  breakdown 
within  small  focus  volun^s  requires  a  greater  optical  frequency  electric 
field  than  is  necessary  with  a  larger  focus  region.  This  implies  that,  in 
the  pres sure -volume  reginie  studied,  diffusion  losses  play  a  significant 
role  In  the  development  of  optical  frequency  breakdown,  an  important  result 
in  determining  the  mechanisms  responsible  for  breakdown  at  optical 
frequencies.  Further  experimental  studies  of  diffusion  loss  effects  are 
planr  ed  and  involve  an  investigation  of  the  breakdown  threshold  electric 
field  in  argon  e  d  other  gases  over  a  wider  range  of  breakdown  volumes  and 
at  a  series  of  pressures  I’rom  atmospheric  pressxire  to  2000  psi. 

Theoretical  Investigations 

Theoretical  calculations  have  been  carried  out  examining  in  detail 
the  quantum  mechanical  picture  of  optical  energy  absorption.  Hiese  results 
show  that  at  optical  frequencies  an  electron  exchanges  energy  with  an 
inpressed  electromagnetic  field  in  increments  of  the  photon  energy,  a 
result  v^iich  differs  in  kind  from  that  given  hy  microwave  breakdown  theory. 

According  to  classical  microwave  breakdown  theory,  an  electron  oscillates 
in  response  to  the  applied  electromagnetic  field  and  during  a  collision  gains 
._an  increment  of  energy  from,  the  field  proportional  to  the  oscillation  energy 
of  the  electron.  This  oscillation  energy  varies  directly  as  the  intensity 
of  the  applied  field  and .  while  a  function  of  the  microwave  frequency,  is 
unrelated  to  the  energy  of  a  quantum  of  the  radiation.  At  field  strengths 
corresponding  to  the  breakdown  threshold  at  microwave  frequencies,  the 
oscillation  energy  is  10~3  +0  lO"^  eV,  much  larger  than  the  10"^  eV  energy 
of  a  microwave  photon.  At  optical  frequencies,  the  breakdowti  threshold 
electron  oscillation  energy,  according  to  the  same  classical  picture,  is 
also  10"3  to  10'^  eV,  This  "oscillation  energy,"  however,  is  small  compared 
with  the  1  to  2  eV  of  an  optical  frequency  photon,  and  a  classical  view  of 
energy  gain  from  the  applied  electromagnetic  field  is  no  longer  valid. 

As  part  of  a  parallel  Corporate  sponsored  program.  Prof.  L.  Brown  and 
Dr.  P.  Mallozzi  of  Yale  University, acting  as  consultants  to  the  Research 
Laboratories,  have  developed  a  detailed  quantum  mechanical  theory  for  the 
cose  of  optical  frequency  irradiation;  i.e,,  -where  the  photon  energy  is 
greater  than  the  classically  calculated  electron  oscillation  energy. 
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The  theory  shows  that  during  a  collision  an  electron  exchanges  energy  with 
the  applied  field  in  increments  equal  to  the  photon  energy.  This  result 
differs  in  kind  from  that  given  by  classical  microwave  theory  as  applied 
to  optical  frequencies  and  has  imnortant  implications  in  developing  an 
understanding  of  the  physics  of  the  optical  frequency  breakdown  process. 

It  should  be  noted  that  the  quantum  mechanical  analysis  applied  to  the 
case  of  microwave  irradfationj  in  which  the  photon  energy  is  much  less  than 
the  electron  "oscillation  energy/'  leads  to  a  result  identical  with  that 
given  by  the  classical  microwave  breakdown  theory,  and  thus  the  quantum 
mechanical  analysis  carried  out  is  valid  over  the  entire  microwave-optical 
frequency  regime. 

Physically,  in  an  optical  frequency  field,  an  electron  gains  energy 
by  making  a  free-free  transition  during  a  collision,  absorbing  a  photon 
of  the  applied  field  in  the  process.  An  electron  may  also  lose  energy 
during  a  collision  by  stimulated  Bremsstrahlung,  and  the  net  rate  of  energy 
gain  Is  determined  by  the  relative  magnitudes  of  these  two  processes.  For 
a  thermalized  electron  energy  distribution  in  -srtiich  the  average  thermal 
energy  per  particle  is  substantially  greater  than  the  photon  energy  of  the 
^ppli®i  electromagnetic  field,  the  two  processes  are  con5)arable  in  magnitude, 
and  the  quantum  mechanical  energy  absorption  rate  is  numerically  equal  to 
that  obtained  from  the  classical  picture.  During  the  early  stages  of  the 
breakdown,  however,  the  electrons  will  not  make  sufficient  collisions  with 
other  electrons  or  with  atoms  in  the  gas  to  become  thermalized,  and  a 
highly  non-equilibrium  electron  energy  distribution  may  be  pTOduced,  It  is 
possible,  for  example,  that,  while  most  of  the  electrons  gain  and  lose  energy 
in  successive  collisions,  a  few  experience  a  series  of  predominately  energy 
gain  collisions  and  receive  sufficient  energy  to  cause  the  ionization  of  a 
neutral  atom.  The  average  rate  of  energy  ga^n  by  the  electrons  may  be  small, 
but,  because  of  che  large  increment  of  energy  transfer  to  the  electrons  from 
the  field  and  the  higtily  non-thermal  conditions  existing  early  in  the  breakdown 
process,  the  rate  of  ionization  in  the  gas  maj;  be  very  large.  During  the  next 
report  period,  additional  calculations  will  be  made  to  determine  whether  this 
process  can  account  for  the  rapid  development  of  breakdown  observed,  experimentally. 

SIX-MONTK  STATUS  EVALUATION 


Studies  of  gas  breakdown  by  optical  frequency  radiation  have  been 
carried  out  in  argon  and  helium  over  the  pressure  range  from  atmospheric 
pressure  to  500  psi  using  the  and  1.06/x  radiation  from  high- intensity 

ruby  and  neodymium  lasers,  respectively.  With  either  ruby  or  neodymium 
laser  irradiation,  the  breakdown  threshold  electric  field  is  observed  to 
decrease  with  pressure,  varying  approximately  as  Measurements  have 
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been  made  of  the  attenuation  of  the  irradiating  neodymium  laser  beam  by 
the  breaMown  plasma  produced.  It  Is  observed  that  over  one-half  of  the 
incident  laser  energy  can  be  absorbed  by  the  breakdown  plasma  and  ttiat  the 
attenuation  of  the  incident  beam  can  exceed  during  the  latter  portions 
of  the  giant  pulse.  Preliminary  measurements  of  the  attenuation  of  a  helium- 
neon  laser  beam  by  the  breakdown  plasma  have  been  made,  and  it  is  observed 
that  attenuations  of  80  to  are  present  for  tires  up  to  several  milliseconds 
following  the  inc'-lenc,  laser  pulse.  Preliminary  measurements  of  the  effect  of 
diffusion  losses  on  the  breakdown  threshold  have  been  carried  ouc  by  varying 
•che  volume  within  which  the  breakdown  is  produced.  These  results  show  that 
the  breakdown  threshold  is  'aversely  related  to  the  dimensions  of  the  focus 
volume,  indicating  that  diffusion  losses  are  important  in  the  development  of 
optical  frequency  breakdown. 

During  the  next  six  months  of  this  contract,  an  absolute  calibration 
of  the  1.06^  breakdown  threshold  electric  field  strength  will  be  made  and 
ccn^ared  with  the  previously  obtained  results  for  .69^3y«.  radiation  to 
determine  the  frequency  dependence  of  the  breakdown  threshold.  The  measure¬ 
ments  of  the  attenuation  of  optical  frequency  radiation  by  the  breakdown 
plasma  following  the  incident  giant  pulse  will  be  extended  to  gases  other 
chan  argon  and  to  pressures  up  to  2000  psi.  Additional  studies  of  the 
effect  of  diffusion  losses  on  the  breakdown  threshold  will  be  carried  out 
in  argon  and  other  gases  over  a  wider  range  of  breakdoim  volumes  and  at  a 
series  of  pressures  from  atmospheric  pressure  to  2000  psi. 
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Brooklyn  1,  New  York 
Attn:  Mr*  Gerald  Oster 

Chemistry  Department 

Electronics  Laboratory 
General  Electric  Company 
Syracuse,  New  York 
Attn;  Mr.  David  Stockman 

Westinghouse  Electric  Corp, 
Electronics  Division 
P.  0.  Box  1897 
Baltimore  3^  Maryland 
Attn*  Mr.  J.  W.  Turner 

American  Optical  Company 
l4  Mechanic  Street 
Southbi-iage,  Massachusetts 
Attn:  MT:,  R.  W.  Young 

American  Optical  Co!!5)any 
iL  Mechanic  Street 
Southbridge,  I&ssachusetts 
Attn;  Mr.  W.  P.  Siegmund 

American  Optical  Company 
l4  Efechanic  Street 
Southt'*idge,  Massachusetts 
Attn:  Mr.  W,  R,  P’r indie 

New  Mexico  State  University 
University  Park,  New  Mexico 
Attn.  Dr.  Jerald  R,  Izatt 

Purdue  University 

School  of  Electrical  Engineering 

Lafayette,  Indiana 

Attn  Prof.  A.  K.  Kamal 
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Columbia  University 
Dept,  of  Electrical  Sigineering 
Nev  York  27 >  New  York 
Attn;-  Mr.  Thomas  C.  Marshall 

Mithras,  Inc.  1 

Cambridge  39 j  Massachusetts 
Attn:  Mr.  Charles  G.  Naiman 

Solid  State  Division  1 

U.  S.  Naval  Research  Laboratory 
Washington  25,  D.  C. 

Attn;  Dr.  J.  H.  Schulman 

New  Mexico  State  University  1 

Physics  Department 
University  Park,  New  Mexico 
Attn:  Dr.  Jack  A.  Soules 

Varian  Associatco  1 

6ll  Hansen  Way 

Palo  Alto,  California 

Attn:  Dr.  Arden  Sher 

Physical  Sciences  Division  1 

Army  Research  Office 

Office,  Chief,  Research  &  Development 

Washington  25,  D.  C. 

Attn:  Dr.  Robert  A.  Watson 

Chief  Scientist  1 

U.  S.  Army  Electronics  Command 
Fort  Monmouth,  New  Jers  :y 
Attn:  Dr.  Hans  K.  Ziegler 

Director,  Institute  for  Exploratory  Research  1 

Army  Signal  Research  &  Development  Laboratory 
Fort  Monmouth,  New  Jersey 
Attn:  Dr.  E.  M.  Reilley 

Asst.  Director  of  Surveillance  1 

Army  Signal  Research  &  Development  Laboratory 
Fort  Monmouth,  New  Jersey 
Attn:  Dr.  Harrison  J.  Merrill 
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Director  of  Research  &  Development 
Army  Ordnance  Missile  Command 
Huntsville,  Alabama 
Attn:  Mr.  William  D.  McKnight 

Office,  Chief  of  Naval  Operations  /OP-OTT-l/ 
Department  of  the  Navy 
Washington  25 ,  D.  C. 

Attn;  Dr.  C.  H.  Harry 

Bureau  of  Ships  /Code  305/ 

Department  of  the  Navy 
Washington  25^  D.  C. 

Attn:  Dr.  G.  C.  Sponsler 

Office  of  Naval  Research  /Code  ^<020/ 
Department  of  the  Navy 
Washington  25,  D,  C. 

Attn:  Dr.  Sidney  Reed 

Office  of  Naval  Research  /Code  hZl/ 
Department  of  the  Navy 
Washington  25,  D,  C, 

Attn:  Mr.  Frank  B.  Isakson 

Office  of  Naval  Research  /Code  hO&H/ 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn:  Mr.  J,  W,  Smith 

Naval  Research  laboratory  /Code  644o/ 
Department  of  the  Navy 
Washington  25,  D,  C, 

Attn:  Dr.  C.  C.  Klick 

Naval  Research  laboratory  /Code  73^0/ 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn:  Dr,  1,  F,  Drmnmeter 

Headquarters  USAF  /Af’RDR-NU-3/ 

Department  of  the  Air  Force 
Washington,  D,  C, 

Attn:  Lt.  Col.  E.  N.  Myers 
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Research  It  Technology  Division  1 

Bolling  Air  Force  Base 
Washington,  D,  C. 

Attn:  Mr,  Robert  Feik 

Office^  Aerospace  Research  /MROSp/  1 

Washington  25 j  D,  C= 

Attn.  Lt,  Cols  Ivan  Atkinson 

Technical  Area  Manager  /7dOA/  1 

Advanced  Weapons  Aeronautical  Systems  Div, 

Wright-Patterson  Air  Force  Base 
Olio 

Attn  Mr,  Don  Newman 

project  Engineer  /523T/  1 

Aerospace  Radiation  Weapons 

Aeronautical  Systems  Division 

Wright-Patterson  Air  Force  Base 

Ohio 

Attn:  Mr,  Don  Lewis 

Air  Force  Special  Weapons  Center  /SWRPA/  1 

Kirtland  Air  Force  Base 
New  Mexico 

Attn:  Capt.  Ffeirvin  Atkins 

Project  Engineer  /5561/  Comet  1 

Rome  Air  Development  Center 
Giiffiss  Air  Force  Base 
New  York 

Attn:  Mr,  Phillip  Sandler 

Department  of  Electrical  Engineering  1 

New  York  University 
University  Heights 
New  York,  New  York 
Attn*  Mr,  Thotras  Henion 

BMDR 

Room  2  B  263 
Tht  Pentagon 
Washington  25.,  D,  C, 

Attn:  Lt,  Col,  W.  B.  Lindsay 
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General  Electric  Laboratory 
Schenectady.  New  York 
Attn;  Mr.  J.  P,  Chernoch 

Stanford  University 
Physics  Department 
Palo  Alto,  California 
Attn:  Mr,  John  Ehjmett 

ODDRCE  Advisory  Group  on  ETLectron  Devices 
3^  Broadway  -  8th  Floor 
New  York  13,  New  York 
Attn :  Secretary 

Special  Group  on  Optical  Masers 

ASD  /ASRCE-31/ 

Wright-Patterson  Air  Force  Base 
Ohio 

Sperry  Research  Center 
Sudbury,  Massachusetts 
Attn*  Dr,  W.  Holloway 

Technical  Area  Manager  /76OB/ 

Surveillance  Electronic  Systems  Division 
L,  G.  Hanscom  Air  Force  Base 
Massachusetts 

Attn;  Major  H,  I.  Jones,  Jr. 

U,  S,  Naval  Ordnance  Laboratory 

Corona,  California 

Attn:  Commanding  Officer 

Director 

U,  S,  Army  Engineering  Research 
and  Development,  Laboratories 
Fort  Belvoir,  Virginia 
Attn;  Technical  Documents  Center 

Defense  Research  and  Engineering 
Information  Office  Library  Branch 
Pentagon  Building 
Washington  25,  D.  C. 

Attii;  Office  of  the  Director  of  Defense 

U,  S,  Army  Research  Office 
Box  CM,  Duke  Station 
Durham,  North  Carolina 
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Defense  Dociimentatlon  Center  20 

Cameron  Station  Building 
Alexandria  l4^  Virginia 

U,  S.  Naval  Research  Laboratory  6 

Technical  Information  Officer 
Code  2000,  Code  2021 
Washington  ?5,  D,  C, 

Attn:  Director 

Office  of  Naval  Research  Branch  Office  1 

230  N.  Michigan  Avenue 
Chicago,  Illinois  606OI 
Attn:  Commanding  Officer 

Office  of  Naval  Research  Branch  Office  1 

207  W.,  2^th  Street 

New  York  11,  New  York  10011 

Attn :  Commanding  Officer 

Office  of  Naval  Research  Branch  Office  1 

1000  Geary  Street 

San  Francisco,  California  9^109 

Attn:  Commanding  Officer 

Air  Force  Office  of  Scientific  Research  1 

Washington  25,  D.  C. 

National  Bureau  of  Standards  1 

Washington  25,  D.  C. 

Attn :  Director 

Research  Department  1 

U.  S,  Naval  Ordnance  Laboratory 
White  Oak,  Silver  Spring,  Maryland 
Attn:  Director 

Office  of  Naval  Reseaich  Branch  Office  1 

1030  East  Green  Street 
Pasadena,  California  9IIOI 
Attn.  Commanding  Officer 

Office  of  Naval  Research  Branch  Office  1 

^95  Summer  Street 
Boston  10,  I^assachusetts 
Attn*  Commanding  Officer 
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U*  S*  Naval  Radiological  Defense  Laboratory 
/Code  9^1/ 

San  I  rant  "co,  California  9^135 
Commanding  officer 

U,  S.  Ax-my  f^terials  Research  Agency 
Watertown^,  Massachusetts  02172 
Attn;  Technical  Library 

Boulder  Laboratories 
National  Bureau  of  Standards 
Boulder,  Colorado 
Attn  Library 

Air  Force  Weapons  Laboratory 
Kirtland  Air  Force  Base 
Nev  Mexico 

Attn:  Dr.  A.  H,  Guenther  WLRPF 

Chief,  Bureau  of  Naval  Weapons 
Department  of  the  Navy 
Washington  £5,  D,  C. 

Attn:  Mr.  J.  M.  Lee  RMIA-Sl 

Air  Force  Cambridge  Research  Laboratories 
La\,Tence  G,  Hanscom  Field 
Bedford,  I'fessachusetts 
Attn:  CRXL-R,  Research  Library 


Battelle  Memorial  Institute 
505  King  Avenue 
Columbus  1,  Ctiio 
Attn:  3MI-DEFEfRjER 

Headquarters,  USAELRDL 

Fort  Monmouth,  Nev  Jersey  07 703 

Attn:  Selra/SAR,  NO-L,  X,  and  PF 

Commander,  U.  3,  Naval  Ordnance  Test  Station 

China  Lake,  California 

Attn:  fir,  G,  A,  Wilkins  /Code  40Ul/ 

General  Electric  Company 
Advanced  Technology  Lai  oratories 
Schnectady,  New  York 
Attn*  Mr,  J,  C,  Almasi 


University  of  California 
Department  of  Physics 
I 03  Angeles  2h,  California 
Attn.  Prof.  Rubin  Braunstein 

Perkin- Elmer  Corp. 

Norwalk,  Connecticut 
Attn-  Mr.  N.  I.  Adams 

Westinghouse  Electric  Corp. 

Quantum  Electronics  Dept. 

Research  Labo:*atories 
Pittsburgh,  Pennsylvania 
Attn-  E.  P.  Reidel 

University  of  Minnesota 
Duluth,  Minnesota 
Attn;  Prof.  H.  G.  Hanson 

Lexington  Laboratories,  Inc. 

84  Sherman  Street 
Cambridge,  Massachusetts 
Attn  ?.  Schaffer 

Linde  Company 
Division  cf  Union  Carbide 
East  Chicago,  Indiana 
Attn:  Mr.  L.  E.  Rautiola 

Airtron,  Division  of  Litton  Industries 
Morris  Plains,  New  Jersey 
Attn-  Mr.  J.  W.  Nielson 

Linde  Company 
Division  of  Union  Carbide 
Tonawanda,  New  York 
Attn:  f<!r.  E.  M.  Flanigen 

Harvard  University 

Division  of  Engineering  &  Applied  Physic 
Cambridge  38,  Massachusetts 
Attn;  Prof.  N.  Bloembergen 


University  of  Minnesota 
.iepartment  of  Electrical  Engineering 
Minneapolis  l4,  Minnesota 
Attn:  prof.  R.  J.  Collins 


U.  S*  Naval  Research  Laboratory 
Washington,  D.  C, 

Attn:  Dr,  Alan  Kolb 

Carnegie  Institute  of  Technology 
Department  of  Electrical  Engineering 
Pittsburgh  13,  Pennsylvania 
Attn:  Prof,  J,  M,  Feldman 

Stanford  University 
Stanford,  California 
Attn.  Prof.  Arthur  Schavlow 

Research  Materials  Information  Center 
Oak  Ridge  National  Laboratory 
Post  Office  Box  X 
Oak  Ridge,  Tennessee  37831 

J-5  Plans  and  Policy  Directorate 
Joint  Chiefs  of  Staff 
Requirements  and  Development  Division 
Room  2D982,  The  Pentagon 
Washington,  D,  C,  20301 
Attn.  Special  Projects  Branch 

Advanced  Research  Projects  Agency 
Research  and  Development  Field  Unit 
APO  1^3,  Box  4l 
San  Francisco,  California 

Advarjced  Research  Projects  Agency 
Research  and  Development  Field  Unit 
APO  l46.  Box  271 
San  Francisco,  California 
Attn:  Mr.  Tom  Brundage 

Bureau  of  Naval  Weapons  /RR-2/ 
Department  of  the  Navy 
Washington  25,  D.  C. 

Attn;  Dr.  C.  H.  Harry 


